We have performed ab initio quantum-chemical calculations on clusters of atoms modeling a divalent Ge defect in Ge-doped SiO 2 glasses. It has been found that the divalent Ge defect interacts with a nearby GeO 4 tetrahedron, forming complex structural units that are responsible for the observed photoabsorption band at ϳ5 eV. We have shown that these structural units can be transformed into two equivalent Ge E 0 centers by way of the positively charged defect center. PACS numbers: 61.43.Fs, 61.46. + w, 61.72.Ji Photosensitivity and photoinduced holographic Bragg gratings were discovered in Ge-doped SiO 2 glasses about 20 years ago [1] . Presently photoinduced Bragg fiber and planar waveguide gratings in the glasses are widely used in telecommunication technology for wavelength-divided multiplexing, signal shaping, fiber lasers, and amplifers, etc. In contrast to these spectacular advances in practical applications, however, the fundamental understanding of the respective photoinduced processes in glass is incomplete. In Ge-doped SiO 2 glasses, there exists an intense photoabsorption band at 5 eV [2] , which is believed to be related to oxygen deficiency. Although the defect center associated with the 5-eV band most likely plays an important role in the photorefractive index change induced by ultraviolet (uv) irradiation [3] , the details of the processes and mechanisms involved have remained obscure.
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It has been demonstrated that the 5-eV band is composed at least of two components centered at 5.06 and 5.16 eV [4] . The 5.06-eV band is bleached upon uv irradiation to generate the paramagnetic oxygen vacancy, called the Ge E 0 center [4] . The 5.06-eV band was once ascribed to the unrelaxed neutral oxygen vacancy [4] , but the physical origin of this band is still under discussion [5, 6] . On the other hand, the 5.16-eV band, which is pumping the photoluminescence emissions at 3.2 and 4.3 eV, was attributed to divalent Ge defects having a lone pair of electrons, namely, -Ge - [4, 7] . This assignment was recently supported by first-principle quantum-chemical calculations on clusters of atoms modeling a divalent Ge defect in Ge-doped SiO 2 glasses [8, 9] . While the 5.16-eV band is almost stable against low-power uv exposure [4] , irradiation with a dense flux of uv photons such as KrF excimer laser pulses can induce the appreciable photobleaching for this band [10] [11] [12] , which accompanies the generation of Ge E 0 (and other unknown defect centers) as in the case of the bleaching of the 5.06-eV band [11] . This result suggests that the defect centers associated with the 5.16-eV band can be a precursor of Ge E 0 centers depending on the power densities of uv photons. However, it is not easy to understand why the bleaching of the 5.16-eV band results in the formation of Ge E 0 if this band is due to the divalent Ge defects [6] .
Although several models have been proposed to explain this problem [6, [11] [12] [13] [14] , no satisfactory explanation has yet been given.
In this paper we, therefore, investigate the formation mechanism of Ge E 0 centers from the divalent Ge defect in Ge-doped SiO 2 glasses by using ab initio cluster model calculations at the Hartree-Fock (HF) level. It has been demonstrated that ab initio quantum-chemical cluster approaches are useful to investigate the structure and vibrational properties of glassy systems [15, 16] . In particular, since the defect states in glasses are in general quite localized, their structure and energy states will be reasonably modeled by the cluster calculations [5, 8, 9, 17] . Appropriate cluster models hence allow us to investigate the geometries and electronic structures of the defect centers in glasses, and the calculated results will shed new light on the unsolved problem concerning the formation mechanism of Ge E 0 centers associated with the photobleaching of the 5.16-eV band and other photoinduced phenomena of interest in Ge-doped SiO 2 glasses.
The photoabsorption (PA) and photoluminescence (PL) properties of the divalent defects have been previously studied by means of ab initio quantum-chemical calculations on the ͑H 3 T O͒ 2 T cluster (where T is Ge or Si) [8, 9] , and the calculated PA and PL energies for the clusters have been shown to agree well with the corresponding experimental values. In this work, we, therefore, used a similar cluster, ͓͑OH͒ 3 SiO͔ 2 Ge, as a model for the divalent Ge defect though the dangling bonds of the model cluster were not saturated by H atoms but by OH groups. Furthermore, we added a ͑OH͒ 3 Ge -O -Ge͑OH͒ 3 cluster to the above ͓͑OH͒ 3 SiO͔ 2 Ge cluster to consider a possible effect of the condensed environments in which the divalent Ge defect actually resides. In actual Ge-doped silica, a divalent Ge defect is most certainly surrounded by one or more T O 4 units in addition to the two T O 4 units that are originally bonded to the center -Ge -atom. It is natural to expect that these nearby T O 4 units play a key role in generating, if possible, Ge E 0 centers upon uv irradiation. The geometry of the ground-state singlet ͑S 0 ͒ structure of the cluster was fully optimized at the HF level of theory with the 0031-9007͞00͞84(7)͞1475(4)$15.00 polarized 6-311G͑d͒ basis set [18] by using analytical gradient methods. All ab initio molecular orbital calculations were carried out using the GAUSSIAN 94 computer program [19] on a supercomputer CRAY T94/4128.
As a result of the geometry optimizations, we found that there exist at least two minimum energy configurations for S 0 (see Fig. 1 ), which are separated only by 0.19 eV in total energy. Table I shows the calculated bond overlap populations, n, and atomic charges, Q, obtained from a Mulliken population analysis. The lower energy configuration [model 1a; see Fig. 1(a) ] can be regarded as a simple combination of the ͓͑OH͒ 3 SiO͔ 2 Ge and ͑OH͒ 3 Ge -O -Ge͑OH͒ 3 clusters. The association energy, DE, obtained by a difference between the total energies of model 1a and its constituent optimized clusters was calculated to be 0.61 eV. On the other hand, the higher energy configuration shown in Fig. 1(b) (model 1b, DE 0.42 eV) results from the considerable structural reorganization between the two initial ͓͑OH͒ 3 SiO͔ 2 Ge and ͑OH͒ 3 Ge -O -Ge͑OH͒ 3 clusters. That is, in model 1b, O2 and O3 tend to form additional covalent bonds with Ge2 and Ge1, respectively, forming an edge-sharing unit composed of a three-coordinated Ge (Ge1) and a fivecoordinated Ge (Ge2). It should be noted, however, that the configuration of model 1b might require a substantial distortion in forming such an edge-sharing structure, which probably explains the higher total energy as compared with that of model 1a. Furthermore, in actual glassy systems the formation of model 1b will be accomplished at the expense of the topology of the surrounding glass network, causing additional strain energies on the medium-range ͑ϳ5 ϳ10 Å͒ length scale. Thus, we consider that model 1a will be more realistic as a model of the divalent Ge in actual Ge-doped SiO 2 glass.
In order to obtain excitation energies for the models 1a and 1b, we employed time-dependent density-functional response theory (TD DFRT) [20] . It has been demonstrated that the average absolute error of the TD DFRT is closer to that of the more costly correlated ab initio methods such as the configuration interaction method [20] . The TD DFRT excitation energies were calculated for the HF͞6-311G͑d͒ geometries at the Becke's 1993 hybrid exchange functional with the Lee-Yang-Parr correlation energy functional [21] (B3LYP) level with the 6-311G(d) basis set augmented by two sets of diffuse s and p functions on Ge1. The S 0 -S 1 transitions of models 1a and 1b were calculated to be 5.29 and 5.49 eV, respectively, which are both in reasonable agreement with the observed transition at 5.16 eV. This result indicates that although model 1a is still a promising model of the Ge divalent defect in Ge-doped SiO 2 glass, model 1b cannot completely be ruled out as a model of the defect center that is responsible for the PA band at ϳ5 eV. The electronic transitions accompanying the PA and PL bands correspond to the irradiation processes induced by low-power density irradiation and do not cause any structural change (or photobleaching) in the glass structure [4, 11] . On the other hand, the high-power density irradiation such as an excimer laser results in the photobleaching of the 5.16-eV band [10] [11] [12] as mentioned before. Because of the high-power density of the laser pulses, electrons in the valence orbital will be excited to the conduction band via two photon processes [11] , and, accordingly, a positively charged defect center is expected to be formed. It is hence interesting to reoptimize the geometry of model 1a as well as model 1b by assuming a total charge of 11 for the cluster. We did not impose any structural constraint in optimizing the geometry of this positively charged cluster, which will be referred to as model 2.
It is worth mentioning that both models 1a and 1b converged on the same positively charged cluster shown in Fig. 2 . The Ge1 -O1 ͑1.710 Å͒ and Ge1 -O2 ͑1.725 Å͒ bond distances in model 2 are considerably shorter than the corresponding bond distances in models 1a and 1b, and there exists no substantial interaction between O2 and Ge2 in model 2. It should also be noted that the Ge1 -O3 bond distance in model 2 ͑1.903 Å͒ is shorter than that in models 1a ͑3.038 Å͒ and 1b ͑2.062 Å͒, indicating that the interaction between Ge1 and O3 becomes stronger as a result of the ionization process. The atomic spin density on Ge1 in model 2 is ϳ0.9, and its atomic charge is larger than that in models 1a and 1b by ϳ0.5 (see Table I ). Thus, the center Ge1 atom in model 2 can be regarded as a positively charged charged defect center, and the shorter Ge1 -O3 bond mentioned above can be interpreted in terms of the stronger Coulomb interaction between Ge1 and O3 as compared with that in models 1a and 1b. It has also been found that the lowest unoccupied molecular orbital spread evenly over the empty nonbonding orbitals on the oxygen atoms in the GeO 4 units in model 2. We, therefore, suggest that the electron excited to the conduction band will be trapped at a nearby GeO 4 unit, forming a Ge electron center [11, 14, 22] .
What happens when this positively charged cluster is neutralized? In order to simulate such a process, we then optimized the geometry of model 2 by assuming a triplet state at the restricted open HF level. Such a triplet defect was indeed found in x-or g-irradiated fused silica [23] [24] [25] , and the triplet center is observed only for glasses having 5.0-eV band prior to irradiation [24] , in agreement with the present model. The optimized geometry of the triplet state, which we call model 3, is illustrated in Fig. 3 . It is quite interesting to note that the resultant geometry of model 3 is completely different from that of the previous clusters. We see from Fig. 3 that the distance between Ge2 and O3 tends to become wide apart, resulting in two almost equivalent GeO 3 units. The atomic spin densities for Ge1 and Ge2 in model 3 are calculated to be 0.897 and 0.882, respectively, indicating that these two GeO 3 units are unambiguously Ge E 0 centers.
On the basis of the above calculated results, we can propose a possible mechanism of the formation of Ge E 0 centers from a divalent Ge defect as follows. First, the divalent Ge defect interacts with the adjacent GeO 4 unit, and the following structural units are expected to be formed (see models 1a and 1b):
Second, irradiation of the high-power laser excites one of the lone pair electrons on the divalent Ge defect to the conduction band, forming a positively charged Ge center (see model 2):
Third, the electron in the conduction band is trapped by the GeO 4 unit adjacent to the divalent Ge defect:
Finally, the electron-hole recombination occurs, and the two equivalent Ge E 0 centers are eventually generated (see model 3):
In conclusion, the present calculations have shown that the divalent Ge defect and its adjacent GeO 4 unit interact with each other, forming the combined structural units shown in Fig. 1(a) and/or Fig. 1(b) . We have further demonstrated that these structural units can be transformed into two equivalent GeO 3 units having an unpaired electron, namely, Ge E 0 centers, via positively charged defect centers. We consider that the structural conversion mechanism proposed in this study plays a vital role in the refractive index changes of Ge-doped SiO 2 glasses induced by high-power uv irradiation.
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